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Edited by Robert BaroukiAbstract Any perturbation in the normal functioning of endo-
plasmic reticulum (ER), such as due to hypoxia, triggers the un-
folded protein response (UPR). We studied the temporal
variation in gene expression in murine kidney exposed to acute
hypobaric hypoxia. Molecular chaperones like Grp78, Grp94,
Canx and Calr in the ER were transcriptionally downregulated.
Further, the splicing of Xbp1 mRNA decreased, whereas tran-
scription of the unspliced mRNA increased. This step produces
Xbp1 protein, which is negatively regulated by the unspliced pro-
tein. Hence, the decreased splicing of Xbp1 along with decreased
transcription of ER chaperones in kidney is a deﬁnite indication
of reduced stress.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Acute hypobaric hypoxia; Unfolded protein
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Air density decreases progressively as one ascends above sea
level. The fall in atmospheric pressure at higher altitudes de-
creases the partial pressure of inspired oxygen, although the
percentage of oxygen in inspired air remains constant [1]. When
mammals are exposed to high-altitude hypoxia, they exhibit
certain varied physiological responses in tissues, such as the
production of erythropoietin (EPO) by the kidney. EPO plays
a primary role in regulating red blood cell production [2,3].
The normal kidney endures various stresses such as hypoxia,
large osmotic ﬂuxes, and carries out a mammoth task of ﬂuid/
solute reabsorption. To adapt to stressful conditions, kidney
cells utilize inducible cytoprotective mechanisms involving
molecular chaperones or stress proteins [4,5]. As the kidney al-
ready operates under hypoxic condition, additional stress such
as acute hypoxia should aﬀect the expression proﬁle of genes
thereby altering the physiological processes.
In our study we have used cDNA arrays to explore the gene
expression proﬁle changes on murine kidney exposed to acute
hypobaric hypoxia (AHH) for diﬀerent time intervals. The
analysis of genes revealed the diﬀerential expression of molec-
ular chaperones like glucose regulated protein 78 (Grp78), glu-Abbreviations: AHH, acute hypobaric hypoxia; UPR, unfolded protein
response; ER, endoplasmic reticulum; ROS, reactive oxygen species
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doi:10.1016/j.febslet.2008.06.019cose regulated protein 94 (Grp94), calnexin (Canx), calreticulin
(Calr) etc. involved in the unfolded protein response (UPR).
Any disturbance in the normal functioning of endoplasmic
reticulum (ER) cause accumulation of unfolded proteins, trig-
gering an evolutionarily conserved response, termed the UPR.
The UPR aims to establish ER homeostasis by inducing the
expression of genes that enhance the protein folding capacity
of the ER, and promote ER-associated protein degradation
to remove misfolded proteins. Excessive and prolonged ER
stress may lead to apoptosis [6–8]. Besides the expression pro-
ﬁle, the UPR mediated Xbp1 splicing and induction of Grp78
transcript levels were also assayed in this study. These analyses
provide important insights into the transcriptional responses
of the kidney to hypobaric hypoxia.2. Materials and methods
2.1. Exposure of mice to hypobaric hypoxia and RNA isolation
Five (8 weeks old) male albino Swiss mice in four batches with over-
night fasting were exposed to simulated altitude of 4570 m (15000 ft).
The pressure in the decompression chamber was maintained at 426 mm
Hg for a period of 0, 8, 10 and 12 h. Zero hours served as the reference
time point. At the end of the exposure the mice were killed by cervical
dislocation. Total RNA was isolated from the kidney, heart, brain and
lungs using the TRIzol reagent (Invitrogen, USA). The Animal Ethics
Committee of the institute approved all the animal procedures.
2.2. Microarray experiments
Equal amount of total RNA was pooled from the kidney of ﬁve mice
to give a total of 6 lg for each group. Total RNA was labeled using the
Micromax NEN TSA labeling kit (Perkin–Elmer Life Sciences, USA).
The cDNA probes were mixed and simultaneously hybridized to 15 K
mouse cDNA arrays (The Microarray Center, Clinical Genomics Cen-
ter, University Health Network, Toronto, Canada) in an overnight
incubation at 65 C. The microarrays were scanned using GenePix Pro-
fessional 4200A scanner. Microarray image acquisition and analysis
was performed as described previously [9,10]. Genes showing consis-
tency between dye swap experiments with up or downregulation more
than 2-fold were selected and Onto-Express [11] was used to function-
ally classify them according to the Gene-Ontology (GO) categories,
namely: biological process; cellular role; and molecular function.
2.3. cDNA synthesis
Total RNA was pooled from the kidney, heart, brain and lungs of
ﬁve mice of each group separately to give a total of 6 lg. Single strand
cDNA was reverse transcribed using First-Strand cDNA Synthesis Kit
(Amersham Biosciences, UK).
2.4. Real time PCR
Primers for real time PCR were designed for the selected genes using
the Primer Express software (Perkin–Elmer Applied Biosystems,
USA) and are listed in Supplementary Table S1. Real time PCRblished by Elsevier B.V. All rights reserved.
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tem (Applied Biosystems) using SYBR Green PCR Master Mix (Ap-
plied Biosystems) as described previously [9,10]. Relative transcript
quantities were calculated using the DDCt method with beta actin
(Actb) as the reference gene ampliﬁed from the samples.
2.5. Analysis of Xbp1 mRNA splicing
Single strand cDNA was used as template for PCR with primers
ﬂanking the splice site [12]. For each 25 ll PCR reaction, 1 ll cDNA,
1 ll sense and antisense primer (10 lM each), 2.5 ll buﬀer (10·), 0.5 ll
dNTPs (10 mM) and 0.5 ll Taq polymerase and 18.5 ll PCR-grade
water were mixed. The cycling conditions were: 94 C for 10 min, fol-
lowed by 30 cycles of 94 C for 30 s, 59 C for 30 s and 72 C for 30 s
and ﬁnal extension of 10 min. Unspliced Xbp1 gave a product of
205 bp, and the spliced cDNA was 179 bp.3. Results and discussion
3.1. Expression analysis of AHH exposed kidney
The temporal changes in gene expression in murine kidney in
response to 8, 10 and 12 h of exposure to AHH were examined.
The Onto-Express results revealed altered expression of genes
involved in metabolism, transcription, translation, signal
transduction, apoptosis and protein folding (Supplementary
Table S2). Notable among the various pathways was the diﬀer-
ential expression of a number of UPR related genes like
Grp78, Grp94, Canx, Calr, DnaJ (Hsp40) homolog, subfamily-2.10-3.76-1.01Dnajb11
-4.44-3.25-1.81Grp94
--2.38-Calr
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Fig. 1. Schematic presentation of the mammalian UPR with the inset table
involved in the UPR identiﬁed by microarray analysis in murine kidney expos
Atf6 remain associated with Grp78. As unfolded proteins accumulate, Grp7
Activated Perk phosphorylates eIF2a, bringing down the rate of translation
yield the Xbp1 mRNA which is translated to yield a more potent transcription
a negative feedback regulator of spliced Xbp1 protein. Upon release from G
proteases to yield the active transcription factor. Genes considered unchang
genes were those with fold change P2 (green); upregulated genes were thB, member 11 (Dnajb11) and activating transcription factor
(Atf) 4; these genes were downregulated by more than 2-fold
in response to AHH (Fig. 1, inset table). Both Grp78 and
Grp94 help maintain ER homeostasis and prevent the cell
death induced by ER-stress. When misfolded proteins accumu-
late, Grp78 releases critical transmembrane ER signaling pro-
teins like PKR-like ER kinase (Perk), inositol-requiring
enzyme 1 (Ire1), and Atf6, allowing their aggregation and
launching the UPR [6–8]. Dnajb11 serves as a cochaperone
of Grp78 [13]. Canx and Calr comprise an ER chaperone sys-
tem that binds transiently to many newly synthesized glyco-
proteins ensuring their proper folding and assembly within
the ER and simultaneously prevent the export of misfolded
proteins which are then targeted for degradation. Further, pre-
vention of the interaction of unfolded glycoproteins with Canx
and Calr activates the UPR [14,15].
Real time PCR validated the expression pattern of Grp78
and Dnajb11 along with few other genes such as Bcl2/adenovi-
rus E1B 19 kDa interacting protein 3 (Bnip3), insulin like
growth factor binding protein-3 (Igfbp3) and methionine ade-
nosyltransferase II, alpha (Mat2a). The trend of expression of
the genes was same as that obtained by microarray analysis,
although, the amplitude of change diﬀered between the two
methods (Table 1). Transcription of Bnip3, a proapoptotic
member of the Bcl-2 family of cell death factors, is strongly in-
duced in response to hypoxia and may play a dedicated role inAtf6
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depicting the fold change in expression of the chaperones and genes
ed to 8, 10 and 12 h of AHH. The three ER stress sensors Perk, Ire1 and
8 dissociates from the three sensors, thus freeing them for activation.
. Activated Ire1 splices Xbp1 pre-mRNA to remove a 26 bp intron to
activator. The unspliced Xbp1 protein encoded by Xbp1 pre-mRNA is
rp78, Atf6 is transported to the golgi where it is cleaved by S1P/S2P
ed were those with fold change <2 and >2 (yellow); downregulated
ose with fold change P 2 (red).
Table 1
The DDCt, fold change and standard deviation (S.D.) values of genes obtained by real time PCR in murine kidney and heart exposed to 8, 10 and
12 h of AHH
Genes 8 h 10 h 12 h
DDCt ± S.D. Fold change DDCt ± S.D. Fold change DDCt ± S.D. Fold change
Kidney
Grp78 1.20 ± 0.02 2.30 1.21 ± 0.12 2.31 1.94 ± 0.06 3.83
Gadd34 0.53 ± 0.08 1.45 0.57 ± 0.15 1.48 0.08 ± 0.17 1.06
Chop 2.76 ± 0.14 6.79 1.32 ± 0.24 2.49 2.27 ± 0.38 4.83
Dnajb11 0.52 ± 0.15 1.44 0.66 ± 0.20 1.58 0.80 ± 0.18 1.74
Mat2a 1.12 ± 0.06 2.17 0.94 ± 0.11 1.92 1.29 ± 0.14 2.45
Bnip3 1.53 ± 0.19 2.88 2.08 ± 0.03 4.22 2.10 ± 0.29 4.29
Igfbp3 2.40 ± 0.18 5.26 2.02 ± 0.02 4.07 1.07 ± 0.29 2.09
Heart
Grp78 1.39 ± 0.43 2.63 1.07 ± 0.18 2.10 1.06 ± 1.08 2.08
Gadd34 2.65 ± 0.29 6.29 0.21 ± 0.12 1.15 1.68 ± 0.39 3.20
Chop 1.74 ± 0.29 3.34 0.12 ± 0.21 1.09 0.64 ± 0.36 1.56
Relative transcript quantities were calculated using the DDCt method with b-actin (Actb) as the endogenous reference gene and 0 h as the reference
time point.
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as observed after ischemic injury [16]. Igfbp3 belongs to a fam-
ily of structurally related proteins that regulates the bioavail-
ability of insulin-like growth factor (Igf) peptides and it is a
well documented growth inhibitor and proapoptotic factor
[17]. In mammals Mat2a is responsible for S-adenosylmethio-
nine synthesis in extrahepatic tissues [18].
3.2. Low ER stress in the AHH exposed kidney
Splicing of X box protein 1 (Xbp1) is a relatively rapid con-
sequence of UPR activation [19] and the RT-PCR analysis ofXbp1
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Fig. 2. RT-PCR analysis of Xbp1 mRNA splicing in mouse kidney, heart, bra
internal control. The graphical representation shows the relative integrated d
four tissues quantiﬁed and normalized by that of Actb signal using AlphaEaXbp1 mRNA splicing at diﬀerent time points revealed that the
splicing essentially decreased in the AHH exposed murine kid-
ney (Fig. 2). The mRNA of Xbp1 is induced by Atf6 and
spliced by Ire1 which removes a 26 nucleotide intron from
Xbp1 mRNA resulting in a frameshift to produce a highly po-
tent transcription factor. Xbp1 is a basic leucine zipper-type
transcription factor that induces expression of genes involved
in restoring protein folding or degrading unfolded proteins.
Targets of Xbp1 include Grp78, Chop, Xbp1, p58IPK, Herp,
and Edem. [20,21]. The splicing of Xbp1 is a direct reﬂection
of Ire1 activity, therefore, the ratio of spliced to unsplicedActb
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in and lungs exposed to 0, 8, 10 and 12 h of AHH. Actb was used as an
ensitometry values (IDV) of the unspliced and spliced product in the
seFC software.
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suggests that the AHH exposed kidney experiences less ER
stress. Also, it has been reported that the unspliced Xbp1 pro-
tein encoded in Xbp1 pre-mRNA is constitutively expressed
and accumulates at the recovery phase of ER stress [22]. The
unspliced Xbp1 protein forms a complex with spliced Xbp1
protein, which is sequestered from the nucleus and rapidly de-
graded by proteasomes. Thus, the unspliced Xbp1 protein is a
negative feedback regulator of spliced Xbp1 protein as de-
picted in Fig. 1, which shuts oﬀ the transcription of target
genes during the recovery phase of ER stress [22]. In addition
to decreased Xbp1 splicing, we also see increased transcription
of the unspliced Xbp1 pre-mRNA in response to hypoxia (Fig.
2). Hence, we speculate that increased unspliced Xbp1 pre-
mRNA levels may lead to concomitant increase in the protein
levels, which will negatively regulate the levels of spliced Xbp1
protein, ultimately resulting in decreased ER stress. However,
there may be other factors besides this that may contribute to
decreased ER stress in kidney. Interestingly, control kidneys
not exposed to hypoxia express detectable unspliced Xbp1
transcripts (Fig. 2). This may be attributed to the fact that un-
like other tissues, the kidney operates under hypoxic condi-
tions even under normal circumstances [23] and thus mayTable 2
The fold change of genes involved in oxidative stress in murine kidney and
Gene symbol Description
Pro-oxidants
Xdh Xanthine dehydrogenase
Cyba Cytochrome b-245, alpha polypeptide
Antioxidants and enzymes
Sod1 Superoxide dismutase 1, soluble
Cat Catalase
Gpx1 Glutathione peroxidase 1
Mt1 Metallothionein 1
Thioredoxin system
Txnrd1 Thioredoxin reductase 1
Txn1 Thioredoxin 1
Txnip Thioredoxin interacting protein
Peroxiredoxins
Prdx1 Peroxiredoxin 1
Prdx3 Peroxiredoxin 3
Prdx4 Peroxiredoxin 4
Prdx6 Peroxiredoxin 6
Glutathione related system
Glrx Glutaredoxin
Gss Glutathione synthetase
Gsr Glutathione reductase 1
G6pd Glucose-6-phosphate dehydrogenase
Gstm1 Glutathione S-transferase, mu 1
Gsta4 Glutathione S-transferase, alpha 4
Mgst1 Microsomal glutathione S-transferase
Homocysteine and taurine metabolism
Cdo1 Cysteine dioxygenase 1, cytosolic
Ahcy S-adenosylhomocysteine hydrolase
Dnmt3a DNA methyltransferase 3A
Dnmt3b DNA methyltransferase 3B
Mat1a Methionine adenosyltransferase I, alp
Mat2a Methionine adenosyltransferase II, al
aFlagged oﬀ in microarray analysis, i.e. spot data was excluded in the arrayrequire the assistance of active Xbp1 transcription factor to in-
duce expression of important chaperones.
Our results revealed the transcriptional downregulation of
Grp78 and other ER chaperones, although transcriptional
induction of Grp78 has been reported in response to hypoxia
[24]. Interestingly, on checking the mRNA levels of yet another
important ER stress marker, C/EBP homologous protein
(Chop), we found it to be transcriptionally downregulated at
8, 10 and 12 h of AHH. As the gene for Chop, involved in
mediating apoptosis is transcriptionally induced by ER stress
[25], the downregulation of this transcription factor also indi-
cated of less ER stress. The transcript levels of growth arrest
and DNA damage-inducible protein (Gadd34) showed no
change in response to the AHH exposure. ER stresses have
been found to induce mRNA levels of Gadd34, which acts in
the recovery of cells from shutoﬀ of protein synthesis. Gadd34
negatively regulates the UPR by mediating the dephosphoryl-
ation of eIF2a, thus promoting recovery from translational
inhibition in the UPR [26,27].
We also performed analysis of Xbp1 splicing in diﬀerent tis-
sues including heart, brain and lungs (Fig. 2). Lungs and brain
showed a similar pattern, with increased splicing of Xbp1 by
10 h and a subsequent decrease at the 12 h. It seems that theseheart exposed to 10 h of AHH
Fold change (10 h)
Kidney Heart
1.19 2.86
1.32 2.15
–a 1.70
1.12 4.13
–a 2.24
–a 7.72
–a 1.54
1.85 1.02
1.48 2.24
–a 1.21
1.34 1.58
1.70 1.04
1.13 1.01
1.89 1.28
1.03 1.20
1.65 1.16
1.71 1.80
2.54 1.55
–a 1.63
1 2.37 5.98
1.06 12.04
2.25 7.87
–a 1.36
1.56 1.37
ha –a 26.21
pha 5.94 1.33
data analysis.
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However, we observed increased splicing in murine heart at all
the three time points, indicating a temporal increase in ER
stress. In this context it may be of consequence to note that
the mammalian heart is an obligate aerobic organ and role
of oxygen in heart is complex and can be either beneﬁcial or
contribute to cardiac dysfunction and death. [28]. Hence, the
heart seems to be more vulnerable to acute hypoxia in contrast
to other tissues, especially kidney. We also conﬁrmed the tran-
script levels of Grp78, Chop and Gadd34 in heart by real time
PCR (Table 1). The mRNA levels of Grp78 were upregulated
by 2-fold at all the three time points indicating ER stress in
the hypoxic heart. However, the transcript levels of Chop and
Gadd34 were elevated by the 12 h (Table 1). Chop induces the
pro-apoptotic pathway of the UPR to mediate cell death while
Gadd34 is induced at later stages of ER stress as it is required
for the recovery from shutoﬀ of protein synthesis [19]. Thus,
the heart is indeed under ER stress compared to kidney and
the other tissues.
Protein folding and generation of reactive oxygen species
(ROS), as a by product of protein oxidation in the ER are clo-
sely linked events [29]. The UPR induces the expression of
genes involved in protecting cells against oxidative stress,
implying that ROS contribute to cellular damage during ER
stress. In our previous study we studied the expression of var-
ious pro-oxidants and antioxidants in murine heart exposed to
10 h of AHH and observed that acute hypoxia increased oxi-
dative stress [10]. We compared the fold change expression
of genes involved in oxidative stress in that study with that
of murine kidney exposed to 10 h of AHH in the present study
(Table 2). No change was observed in the gene expression of
important pro-oxidants and antioxidant enzymes, as well as
the antioxidants belonging to thioredoxin and glutathione re-
lated systems [30]. As for the genes involved in metabolism
of homocysteine (Ahcy and Mat2a) [31], they were downregu-
lated by P 2-fold. Homocysteine is a sulfur-containing amino
acid formed during the metabolism of methionine. It is readily
auto-oxidized and during oxidation of the sulfhydryl group,
ROS are generated which can lead to endothelial cytotoxicity
[31]. Thus, the decreased transcription of Mat2a and Ahcy in
kidney in contrast to murine heart indicates increased vulner-
ability of heart to oxidative stress. Also, we had observed a
12-fold upregulation in the transcript levels of Cysteine diox-
ygenase 1 (Cdo1) in murine heart while there was no change in
the transcript levels in murine kidney exposed to similar stress.
Cdo1 catalyzes the oxidation of cysteine and is involved in the
synthesis of taurine, a very important antioxidant [32]. Hence,
the increased transcription of Cdo1 in heart could be a reﬂec-
tion of its increased requirements for antioxidants to counter
the stress. Our studies thus indicate that the kidney is not un-
der oxidative stress and ER stress compared to heart under the
given conditions.
In conclusion, the kidney has represented an interesting par-
adox with regard to the activation of UPR under hypoxia. The
decreased splicing of Xbp1 along with decreased transcription
of ER chaperones especially Grp78 in kidney is a deﬁnite indi-
cation of reduced stress.Acknowledgements: Council of Scientiﬁc and Industrial Research,
India supported this work ﬁnancially. The authors thank Dr. Ratan
Kumar and Mr. Divekar, Defence Institute of Physiology and Allied
Sciences, Delhi for their co-operation in the simulation experiments.Supplementary data
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